Abstract Reverse transcription quantitative real-time polymerase chain reaction is the most accurate measure of gene expression in biological systems. The data are analyzed through a process called normalization. Internal standards are essential for determining the relative gene expression in different samples. For this purpose, reference genes are selected based on their constitutive expression across samples. At present, there has not yet been any reference gene identified in any organism that is universally optimal across different tissue types or disease situations. Our goal was to test the regulation of 11 potential references for pea. These included eight commonly used and three new candidates. Twenty-six samples, including different tissues, treatments and genotypes, were addressed in this analysis. For reliable data normalization, the most suitable combination of reference genes in each experimental set was constructed with at least two out the five more stably expressed references in the whole experimental series (i.e. protein phosphatase 2A, b-tubulin, GH720838, actin and GH720808). To validate the determined measure of gene-stability, the gene-specific variation was calculated using different normalization factors. The most non-specific variation was removed when the most stable genes were used, highlighting the importance of the adequate choice of internal controls in gene expression experiments. The set of reference genes presented here will provide useful guidelines as starting point for reference gene selection in pea studies under conditions other than those tested here.
Introduction
Post-genomic technologies have enabled a major breakthrough in gene profiling studies and have been rapidly Electronic supplementary material The online version of this article (doi:10.1007/s00425-010-1158-1) contains supplementary material, which is available to authorized users. integrated into the plant science field. These technologies can be a valuable resource for gaining insight into complex regulatory networks, improving our knowledge of the mechanisms underlying different plant-pathogen pathosystems and identifying new genes that are relevant to biological processes. Reverse transcription quantitative real-time PCR (RT-qPCR; Bustin et al. 2009 ) is presently the most sensitive method for detecting mRNAs (reviewed in Bustin 2000 Bustin , 2002 Wong and Medrano 2005) and is also often used to validate gene expression data obtained from high-throughput array experiments. Although qPCR is widely used to quantify biologically relevant changes in mRNA levels, a number of problems are associated with its use, including the variability in RNA samples, extraction protocols (particularly due to the co-purification of inhibitors), and efficiencies of the RT and PCR (Nolan et al. 2006) . Consequently, it is important that an accurate method of normalization is chosen. Unfortunately, normalization remains one of the most difficult tasks in qPCR (Dheda et al. 2004) . Quantitative analysis of gene expression using real-time PCR typically requires the use of a constitutively expressed reference gene, whose expression is unaffected by the experimental conditions, as an internal control to normalize for differences in starting cDNA template between samples. The use of reference genes is commonly accepted as the most appropriate normalization strategy (Hugget et al. 2005) . Reference gene-based normalization corrects for variable starting amounts of RNA and for differences in RT efficiency (Udvardi et al. 2008) ; however, as there are no universally applicable genes with invariant expression, it is necessary to carefully evaluate the expression of candidate reference genes for every particular experimental system. Normalization with suboptimal internal controls may result in different estimated values and lead to erroneous interpretations . To avoid the bias caused by a fluctuation in expression level of a single reference gene, Vandesompele et al. (2002) proposed that at least three proper control genes be used. The number of studies aimed at validating the presumed stability in the expression of certain reference genes studies in human and animal research contrasts with the very little attention that the validation and/ or identification of reference genes has received in the plant sciences (Gutierrez et al. 2008a ). There have been reported not more than 25 published articles in the last 6 years proposing different reference genes whose stable expression should be further validated under the different specific experimental conditions. But the importance of systematic validation has not been integrated in qPCR analysis (Guénin et al. 2009 ). As a consequence, genes currently used as references for qPCR analysis in plants are almost exclusively putative reference genes (Gutierrez et al. 2008b) . At the present time, several stable references have been reported under different conditions for Arabidopsis (Czechowski et al. 2005; Remans et al. 2008) , berry (Reid et al. 2006) , coffee (Cruz et al. 2009 ), cotton (Tu et al. 2007 ) grass species (Hong et al. 2008; Martin et al. 2008; Dombrowski and Martin 2009; Silveira et al. 2009 ), peach (Tong et al. 2009 ), poplar (Brunner et al. 2004) , potato (Nicot et al. 2005) , rice (Kim et al. 2003; Jain 2009 ), soybean (Libault et al. 2008; Hu et al. 2009 ), sugarcane (Iskandar et al. 2004) , tomato (Expósito-Rodríguez et al. 2008 ) and wheat (Paolacci et al. 2009 ). So far, however, no such quantification of gene expression has been reported for Pisum sativum, the most widely grown grain legume in Europe and the fourth-most in the world (FAOSTAT data 2008). In the frame of different international networks, many powerful genomics resources have been developed for the model legume Medicago truncatula over the past few years (Samuel Roberts Noble Foundation 2006) . Translating the knowledge gained from a model species into improvements in crop growth has always been a major challenge for the comparative genomics field. There is no doubt that because of its economical importance and the high degree of synteny between M. truncatula and P. sativum (Choi et al. 2004) , additional studies on pea germplasm will be conducted in next few years.
In this work, we aimed to evaluate different reference genes for their potential use as internal normalization controls in order to more accurately measure the expression of genes of interest in pea. Eleven reference genes were chosen based on their previous use as internal controls in plant gene expression studies, the availability of their gene sequences in P. sativum and their cellular function. We chose a group with varied roles in cellular processes [regulation of phosphorylation (protein phosphatase 2A; PP2A), DNA replication (helicase), glucose metabolism (glyceraldehyde-3-phosphate dehydrogenase; GAPDH), cytoskeletal structure (a-tubulin, b-tubulin, and actin), protein biosynthesis (elongation factor 1a; EF-1a) and ribosomal structure (18S rRNA)] in order to reduce the likelihood that they exhibited regulated covariation. Furthermore, we included three new candidates, encoding a histone, a transcription factor and a protein with unknown function, selected from a cDNA library of roots and leaves of P. sativum.
We recommend different combinations of these reference genes for suited normalization depending on the experimental condition. These results provide useful guidelines and starting point for reference gene selection for expression studies using qPCR techniques in P. sativum.
Materials and methods

Plant material
Seeds of P. sativum L. were germinated in filter paper and kept in the dark at 20°C for 5 days. Seedlings with roots between 5 and 7 cm were placed in square Petri dishes containing a sheet of glass-fibre filter paper and perlite as a substrate. Plants were grown vertically on Hoagland nutrient solution under long-day conditions (16 h day/8 h night) at 23°C. Fifteen-day-old P. sativum cv. Athos (IFAPA, Córdoba) plants were osmotically stressed upon adding 100 mM NaCl to the medium. After 24 h, roots from stressed plants were harvested. Hormone-treated P. sativum cv. Athos plants were produced by adding 5 lM 2,4-dichlorophenoxyacetic acid (Sigma, Steinheim, Germany) to 15-day-old plants. Root and leaf tissues were harvested 24 h after the hormone addition. To biotically stress the plants, two different genotypes with different sensitivities to the parasitic plant Orobanche crenata were selected (Rubiales et al. 2005) : the susceptible cv. Messire (IFAPA, Córdoba) and the incomplete resistant accession Ps624 (USDA-ARS, Washington State University). O. crenata seeds were inoculated at a density of 50 seeds cm . Root samples were harvested before (15 days post-inoculation) and after (21 days post-inoculation) the attachment of O. crenata to the host plant. Unstressed ''control'' plants were harvested in parallel to obtain the same tissues at the same time intervals. Two serial experiments were performed.
Total RNA and genomic DNA isolation Total RNA from all the samples was isolated using TRIZOL reagent (Invitrogen, CA, USA) according to manufacturer's protocols from different pools of five plants in order to minimize the individual plant variation in gene expression. The integrity of the total RNA was checked on formaldehyde 2% (w/v) agarose gels, and its quantity as well as purity was determined by measuring the optical density at 260 nm and the A 260 /A 280 absorption ratio using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Walthman, MA, USA). Only the RNA samples with A 260 /A 280 ratio between 1.9 and 2.1 and A 260 /A 230 greater than 2.0 were used in the analysis. After measuring on NanoDrop, all RNA samples were adjusted to the same concentration, measured and adjusted again in order to homogenize RNA input in the subsequent reverse-transcription reaction. Genomic DNA was isolated from leaves (*100 mg) according to Sambrook et al. (1989) and checked by standard agarose gel.
First-strand cDNA synthesis and quality controls To avoid any genomic DNA (gDNA) contamination, total RNA (1 lg) was reverse-transcribed with a blend of oligodT and random primers using the QuantiTec Reverse Transcription Kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions. This kit ensures complete digestion of genomic DNA with a brief incubation of the samples at 42°C in a specific Wipeout buffer before RT. The cDNAs were diluted to a final volume of 100 ll. Absence of genomic DNA contamination in RNA samples was tested before RT by PCR using primers designed to amplify a 111 bp intron fragment of the phospholipase (PLC) gene (AF280748_intronF, 5 0 -AGCACTTGTGAGA CTGTTTTTAGCT-3 0 ; AF280748_intronR, 5 0 -TTTG GAACTTCGGATAAACATATTAG-3 0 ). For each of the 26 RNA samples, a quantity equivalent to the cDNA used as template in the subsequent amplification PCRs (i.e. 15 ng of total RNA) was amplified. No amplification was detected in any sample after 40 cycles. As positive control, gDNA (20 ng) was amplified (C q = 25.46; E PLCintron = 0.80 ± 0.01; average ± SE). The absence of gDNA was verified once again by qPCR using the first-strand cDNA synthesized as template. Only when no amplification after 40 cycles was observed for all the different 26 cDNAs, it was considered suitable material for further analysis. As second way to test the gDNA contamination, the ability of GAPDH primers to generate amplicons with different length from gDNA (156 bp) or cDNA (58 bp) was checked by agarose gel electrophoresis.
To asses cDNA synthesis efficiency, qPCR was used to amplify segments in the 5 0 and 3 0 regions of 625 and 176 bp from the 3 0 -end, respectively, on the PLC cDNA (primers:
All the ratios were inside the satisfactory considered range of 1-4 (Kakar et al. 2008) . Therefore, the cDNAs were judged to be suitable for qPCR analysis.
Primer design and qPCR conditions PCR primers were designed with the following criteria: T m of 59 ± 1°C and PCR amplicon lengths of 55-120 bp, yielding primer sequences with lengths of 18-25 nucleotides and GC contents of 45-65% (Table 1) . Table 2 shows the PCR efficiency (E) of each primer pair estimated from the data obtained from the exponential phase of each individual amplification plot and the equation
(1 ? E) = 10 slope (Ramakers et al. 2003) . With this method, the E value is derived from the log slope of the fluorescence versus cycle number curve for each particular primer pair, does not require standard curves and yields very similar amplification efficiencies compared to methods based on series of template dilutions (Czechowski et al. 2005) . Polymerase chain reactions were performed in a 96-well plate with a Mx3000P Real-Time PCR System (Stratagene, La Jolla, CA, USA) using SYBR Green to monitor dsDNA synthesis. Reactions contained 0.3 ll 509 SYBR Green Solution, 7.5 ll 29 SensiMix (dT) (Quantace, London, UK), 1.5 ll of cDNA and 200 nM of each gene-specific primer in a final volume of 15 ll. The following standard thermal profile was used for all PCR reactions: polymerase activation (95°C for 10 min), amplification and quantification cycles repeated 40 times (95°C for 1 min, 60°C for 1 min). The specificity of the amplicons was checked by electrophoresis in 2% (w/v) agarose gel and a melting-curve analysis performed by the PCR machine after 40 amplification cycles (60-95°C with one fluorescence read every 0.6°C). All investigated qPCR products showed only single peaks and no primer-dimer peaks or artifacts. Two biological repetitions were used for the measurement, and two technical replicates were analyzed for each biological repetition.
Data analysis
Data were analyzed using the Mx3000P analysis software v4.0 (Stratagene). All amplification plots were analyzed with an R n threshold of 0.03 to obtain C q (quantification cycle) values for each gene-cDNA combination. To determine which reference genes were best suited for transcript normalization, we used in a first approach the statistical algorithm geNorm (Vandesompele et al. 2002) . Expression levels transformed from C q values using the PCR efficiencies (Ramakers et al. 2003) in order to use geNorm for the tested genes in 26 different samples are given in the Supplement (Table S1 ). In a second approach, the coefficient of variation of normalized relative expression levels was calculated based on the formulas (formula 11, 13, 15, 17, 18, 19 and 20) described in the qBase software (Hellemans et al. 2007) according to the method of Expósito-Rodríguez et al. (2008) . Briefly, C q values were incorporated in an Excel worksheet and transformed into relative quantities (RQs) using the efficiency of each primer-pair and the sample with lowest C q as calibrator. Then, sample-specific normalization factor (NF) was estimated as geometric mean of RQs for the candidate genes. Finally, the mean coefficient of variation (CV) for all reference genes was calculated as the arithmetic mean of the CV estimated for the different reference genes.
Application of the best references determination to measure the expression of a gene of interest A putative defence-related gene encoding a ripening-related protein with a domain for Bet v I allergen (GenBank accession no. AAQ72568) was used to assess the validity of the procedure for selection of reference genes. Gene expression levels were determined in infected and control roots of P. sativum Ps624, 15 days post-inoculation with O. crenata with specific primers pair described previously (Die et al. 2009 ). Three different NFs were calculated based on (a) the geometric mean of the genes with the lowest M values (as determined by geNorm), (b) a single reference with the highest M value and (c) a single reference from the pair with the lowest M value. Raw C q values were transformed to relative quantities using the delta-C q formula Q ¼ E ÀDC q where E is the amplification efficiency of the gene and DC q is the C q value of the sample in question minus the C q of the sample with the highest expression as calibrator. Finally, normalized expression levels were rescaled and expression level from inoculated plants was set as 1.
Results
RNA quality and overall gene expression
To evaluate the stability of the expression of 11 potential reference genes, their transcription profiles were assessed by qPCR in a set of 26 cDNA samples that included various tissues and treatment series. Within a biological repetition for a tissue sample, the same pool of cDNA from five plants was used to analyze each of the 11 genes using gene-specific primers. qPCRs were performed in duplicate for each of the 26 cDNA pools. High-quality total RNA was obtained and evaluated by denaturing formaldehyde 2% agarose gel electrophoresis and absorbance ratios. All samples were pure and free from protein and organic pollutants derived from the RNA extraction. The meltingcurve analysis performed by the PCR machine after 40 cycles of amplification showed that each of the 11 primer pairs amplified a single product (a representative trace is shown as Supplementary Fig. S1 ). The studied reference genes displayed a wide range of expression levels, with the lowest mean C q value (23.10) in EF-1a and the highest (27.49) in b-tubulin, showing an expression level approximately [20-fold lower than EF-1a. The first analysis of the data showed that individual control genes had different expression levels across all studied samples. The smallest variation in gene expression (below 1 cycle) is observed for b-tubulin, GH720808, actin and PP2A, while 18S rRNA is the gene with the most variable levels of expression (over 2.90 cycles; Fig. 1 ). All 11 primer pairs had efficiencies higher than 0.85 and 7 higher than 0.90. Each given efficiency value shown in Table 2 represents an average ± SE calculated from 52 amplification plots (two technical replicates of 26 different cDNAs). The amplification efficiencies for the primer pairs studied varied from 0.86 for b-tubulin to 0.97 for a-tubulin and correlation coefficients ranged between 0.9982 and 0.9999 for a-tubulin and b-tubulin, respectively. The SEs of the efficiencies were very low, indicating comparable amplification in the 26 different cDNAs tested.
Stability analysis in the whole experimental series
To analyze the stability of expression and identify the most suitable reference genes, we used the statistical algorithm geNORM v3.5 (http://medgen.ugent.be/*jvdesomp/ genorm/). The stability measure relies on the principle that the expression ratio of two ideal reference genes is identical in all samples, regardless of the experimental condition and cell-type (Vandesompele et al. 2002) . The program defines a stability measure (M) as the average pairwise variation between a gene and all other reference genes in a given set of samples. Genes with the lowest M values have the most stable expression. We analyzed our data, and the average expression stability values M are shown in Fig. 2 . The lowest M value was observed for the pair PP2A/b-tubulin (M = 0.593), corresponding to the most stable expression. The M value for 18S rRNA was considerably higher (over the default software limit of M = 1.5) than for the rest of the control genes. The mean M and CV values for the five most stable genes (PP2A/ b-tubulin/GH720838/actin/GH720808) in the complete experimental series are M = 0.927 and CV = 0.463. These values are inside the ranges M B 1 and CV B 0.5 as acceptable for heterogeneous panels proposed by Hellemans et al. (2007) . The inclusion of additional genes beyond these five references involves values outside the ranges. It is appropriate to point out that M values \1 are obtained for two new reference candidates assessed, showing more stable values than those observed in other traditionally used genes pointing out that these new control genes can potentially be used to select reference candidates in order to normalize the results of gene expression studies in P. sativum under different experimental conditions.
Stability analysis in experimental subsets
The same evaluation procedure applied in the whole experimental series was tested on five different combinations. The first experimental set was composed of roots and leaves of control and abiotic-stressed plants. The second one was composed of control and infected roots by O. crenata. Roots of control and stressed plants and leaves of control and stressed plants composed the third and fourth experimental set, respectively. Finally, the fifth panel included roots and leaves of control plants without any stress (Supplementary Table S2 ). The recommended reference genes for the different experimental subsets are constructed with those that were ranked among the top five in the analysis of the whole experimental series with the exception of EF-1a gene that is included in the leaves sample subset (Table 3 ). The value of V n/n?1 of the different references combination was smaller than the recommended cut-off threshold of 0.15 (Vandesompele et al. 2002) with the exclusion of the analysis in the abiotic stress subset (V 3/4 = 0.172). All the combinations shown had mean M and CV values inside the acceptable range M B 1 and CV B 0.5. The gene-pairs recommended in the abiotic stress subset showed higher oscillations on the subject of stability parameters (mean M and CV) and relatively comparable to those observed in the whole experiment set. When leaves, and roots and leaves of control plants, subsets are considered, two reference genes are sufficient for accurate normalization, as indicated by V 2/3 values lower than 0.15. According to the minimal use of at least three reference genes proposed (Vandesompele et al. 2002) , this combination of genes is shown in these samples (Table 3 , in brackets). In the rest of the samples, the inclusion of at least, a third gene would be necessary. Stability measure for all the experimental subsets, as determined by geNORM are shown in Supplementary Fig. S2 . 
Validation of stability data
To asses the validity of the established gene-stability measure (i.e., that genes with the lowest M values have the most stable expression), we determined the relative expression levels for a putative defence-related gene and the genespecific variations as the coefficient of variation of the expression levels after normalization, following the approach outlined by Vandesompele et al. (2002) . The pattern of expression of a gene encoding a ripening-related protein (AAQ72568) was assessed in P. sativum roots 15 days post-inoculation with the parasitic plant O. crenata. When normalized using GH720838, b-tubulin, PP2A and GAPDH as reference genes [NF (1) (2) (3) (4) ] no differences between infected and control plants was observed at this time-point of the infection process (Fig. 3a) . Using one reference with the lowest M value (GH720838; NF 1 ) to normalize, similar expression levels were also shown but important differences were evident ([3-fold differences in expression levels) when normalized against the gene with the highest stability value (18S rRNA; NF 11 ). The gene-specific variation is higher when the data are normalized to NF 11 . In contrast, the smallest variation is detected when a NF based on the stable reference genes with the lowest M values is used (Fig. 3b) .
Discussion
Normalization of the expression to a reference gene is a simple method that is frequently used to internally control for errors in qPCR. The most commonly used reference genes include those involved in basic cellular processes, such as 18S rRNA, actin, tubulin and GAPDH, due to the fact that they were used for many years as references in Northern blots and conventional RT-PCR assays. The advent of postgenomic technologies, however, has raised the question of whether such genes are actually suitable for normalization purpose. Numerous studies have shown that the expression of these 'classic' genes can be regulated under various situations (Czechowski et al. 2005; Dheda et al. 2005) . Furthermore, a number of studies have included reference genes for normalization without any prior validation of their stable expression. As a result, statistical algorithms such as geN-ORM have been developed for reliable normalization and it has been suggested that at least three proper control genes be used for normalization. Thus, plant gene expression studies have been conducted to validate the use of particular internal controls and have shown that reference genes are regulated differently in different plant species. A reference gene with stable expression in one organism may exhibit a different expression pattern in another organism. Even, studying the same organism, no reference gene could be considered as universal reference. Here, we describe an assessment of 11 reference genes for their use as internal controls in gene expression studies in a given set of cDNA samples containing different cell-types and treatments in pea. Several factors that could affect the reliability of the data were carefully controlled during the experiments. RNA quality control, DNAse I treatment, two-step qPCR, dissociation analysis by melting curves and correction raw results for PCR efficiency were the critical points considered leading to a robust strategy to the analysis. We further analyzed the stability of expression in this dataset. In order to consider any variation in expression between biological replicates that is not due to the treatments, we evaluated the biological replicates separated in the input panel in geNorm as has been recently shown by Remans et al. (2008) . Our results show that the reference genes were differentially expressed in the analyzed samples. Both b-tubulin and PP2A were the most stably expressed genes, whereas 18S rRNA and GAPDH were the least stable genes in the whole experimental set. The clear decrease of M in the remaining reference controls during the stepwise exclusion of these two worst-scoring genes seems to suggest that they cannot be used to normalize gene expression data in pea. However, this general statement must be carefully considered. GAPDH should be excluded when leaves tissues are analyzed. Nevertheless, although GAPDH is not necessary to be included in the optimum combination determined (Table 3) , the notable upgrade in the O. crenata and roots experimental panels (Supplementary Fig. S2) shows that a reference gene with stable expression can vary considerably under different conditions or tissues (Gutierrez et al. 2008a ). On the other hand, the inclusion of EF-1a is recommended when only leaves are tested. The reasons for the fluctuated expression profile of GAPDH and EF-1a may be found in the activation not only as components of the glycolytic or protein biosynthesis pathways, respectively, but also in their active role in other processes as well.
To determine the optimal number of control genes for normalization in the different experimental series, pairwise variations V, were assessed. There are multiple factorssuch as time, resources, and accuracy requirements-that must be taken into account in order to properly identify the number of most stable genes to be included in the experiment. The optimal cutoff V value according to Vandesompele et al. (2002) should be around 0.15, below this limit, the inclusion of an additional gene would not be required for reliable normalization. This is not an absolute rule, however, and the authors stated that the threshold value must not be taken as a strict cutoff. Although the V n/n?1 is over the optimal 0.15 value in the abiotic experimental series, the stability values (M = 0.723; CV = 0.316) are inside the ranges as acceptable for heterogeneous panels (Hellemans et al. 2007 ). Thus, the reference genes combination in this subset is adequate to calculate a NF. The inclusion of a fifth gene is not in correspondence with a decrease of the V value. Consequently, the best-scoring four genes are recommended for this panel. The value above the 0.15 threshold may indicate that is likely that genes other than those identified here may act as better candidates for internal control genes under specific abiotic conditions. In the other subsets tested there was no significant effect after the stepwise inclusion of three control genes (V \ 0.15), and in the panels leaves, and control leaves and control roots, the inclusion of two of the most stable control genes may be sufficient for the accurate normalization of gene expression data.
In order to identify real gene-specific variation on the outcome of a practical experiment, we determined the average gene-specific variation for a putative defence-related gene as the variation coefficient of normalized expression levels. This coefficient should be minimal for proper reference genes. Unstable reference genes cannot completely remove variation; instead they add more, resulting in larger gene-specific variations for the tested genes. Even normalizing against a single stable reference may have a significant impact on the evaluation of the expression levels leading to erroneous conclusions. This analysis clearly demonstrates that most specific variation is removed when the most stable control genes are used for normalization.
In conclusion, considering the different required quality controls throughout the entire qPCR workflow, we have evaluated 11 candidate control genes for their use as reference standards to normalize gene expression data. Our analysis indicates that multiple and different internal references are necessary when studying gene expression under different stresses. The combination of control genes recommended for the different subsets are basically constructed with those ranked among the five more stably expressed genes in the whole experimental series. We recommend the use of these internal standards as a starting point to evaluate their expression stability in individual experimental systems to accurately normalize and quantify gene expression data in pea.
